Plant growth with a limited water supply
Nicotiana tabacum, "Bright Yellow" was used as a meterial.
Thirty-seven-dayold plants grown under a controlled environmental condition and selected, were transplanted in enameled pots of 11 cm in diameter, 12 cm in height. The plant density was 1, 2 and 4 individuals per pot.
The pots were filled with a mixture of loamy soil and vermiculite (1 : 2), 5 g synthetic fertilizers (N: P : K=15 : 15 : 10) per pot being given initially.
The mixture had its field capacity of 65% and permanent wilting point of 30% on an oven-dry weight basis, and it was watered at transplanting to obtain its field capacity or more.
The experiment was started 7 days after the transplanting with the soil moisture of 85%, and continued for 28 days. The plants were grown in a growth cabinet under a condition of continuous illumination of 4000 lux (ten 40-watt fluorescent tubes, Toshiba white), 29° + 10, relative humidity of 64% (11 mmHg in saturation deficit), and 0.035 CO2 vol. %. The plants grew normally under the condition, and enough space between the pots avoided the mutual shading. A half number of the pots were not watered for 10 days after starting the experiment to allow the plants to wilt.
The second watering on the 11th day returned the soil moisture to 85%. After that no water was supplied.
The control plants were watered A part of expense was supported by a Grant in Aid of Scientific Research of Ministry of Education.
* Department of Botany , Faculty of Science, University of Tokyo, Tokyo, Japan. were respectively to maintain the soil moisture to be near the field capacity throughout The moist-control set and the dry-treated one with different densities designated as M1, M2, M4 and D1, D2, D4. Samplings of the plants were made on the 10th, 20th and 28th day after starting the experiment. Fresh and dry weights of leaves, stems including petioles, and roots, and leaf area were determined with the plants of 2 pots in each set.
Dry weight growth was significantly affected by a shortage of soil moisture. Although for the first 10 days no clear difference was observed between the M and D sets in dry weight growth of individual plants (Table 1 and Fig. 1) , the difference became more remarkable with progress of the time, especially in denser pots. The plant dry weight was more or less equal at the start, attained at the second sampling on the 20th day to 0.93, 0.71 and 0.59 g in the M1, M2 and M4 plots, and 0.79, 0.54 and. 0.35 g in the D1, D2 and D4 plots : the latter corresponded respectively in the relative value to 0.85, 0.77 and 0.59 for former.
After the second sampling the treated plants ceased their growth almost entirely, and so the dry weight of the D1, D2 and D4 plants at the final sampling on the 28th day was almost the same as that at the second sampling, i. e. 0.80, 0.55 and 0.35 g respectively, while in the M1, M2 and M4 plants the dry weight was 2.6 (+180% for the plant dry weight at the second sampling), 1.6 (-1-125%) and 1.1 g (-1-85%). Such growth difference between the M and D sets could be demonstrated with the relative growth rates (RGR, mg/mg/day) which were calculated with the data mentioned above (Fig. 2) . The RGR of the dry-treated plants fell to zero in the later stage of the experiment, and this may be ascribed to the soil moisture which dropped below the wilting point, as will be discussed in the following section.
The leaf area growth per pot indicated a parallel change with the growth of total dry weight (see also Table 1 ). The relative In a growth cabinet, continuous illumination of 4000 lux, and 29°. Planting densities were 1 (0), 2 (o©) and 4 (~) plant(s) per pot. Arrow indicates the day of the second watering in the dry set. Soil moisture in Fig. 30 
Water consumption and transpiration efficiency
Water consumption of the pot, i.e. the total sum of the transpiration and soil surface evaporation, was determined throughout the experimental period by measuring loss inn weight of the pot as a whole ( Table 2 ). The soil-surface evaporation of the pot with the plant(s) was calculated as a difference between the total water consumption and the transpiration of the plant(s). As shown in Table 3 , the soil-surface evaporation. was somewhat larger in the early stage of the experiment in any density plot,, decreasing slightly with increase of leaf area, though some exceptions were seen. There could not be observed any distinct effect of planting density and of the drying: treatment of the soil on the soil-surface evaporation.
The comparison between Tables 2 and 3 may reveal that the soil water was consumed mainly by the transpiration of the plant(s), as discussed before7'.
In the moist-control set the water consumption from the pot increased remarkably in parallel with the plant growth.
However, in the treated set the consumptionn maintained an almost constant value for 20 days after the starting of the experiment, irrespective of the planting density, and afterwards it decreased strikingly to a very the M4 and D4 pots may suggest an effect of planting density on total transpiration. For the second 10 days, however, the dry-treated plants showed higher transpiration efficiency than the moist-control plants, and the difference was large in the denser pots. These facts demonstrate that the plants which were suffering from the shortage of soil moisture could utilize more effectively the soil moisture to produce dry matter than the moist plants9-12~, and that the dry plants became more tolerant of drought than the moist plants.
Analytical discussions will be made in the following section for the sake of clarification of the increase of transpiration efficiency of tobacco plants by a limited water supply.
This may give some quantitative elucidation of adaptability of plants to drought conditions.
Analytical discussions of the transpiration efficiency
Transpiration efficiency of a plant is a ratio of dry-matter increment to water consumption in a given period8~ . The dry-matter increment of the plant (d W) is the balance between the total photosynthate and total respiration loss13> . Total water consumption (T) is the sum total of transpiration and soil-surface evaporation. Therefore, the transpiration efficiency (E) is given by the following equation, which is similar to that already proposed by Totsuka7~ :
where F is leaf area ; q, net photosynthesis per unit leaf area ; r, respiration rate of non-photosynthetic system ; C, weight of non-photosynthetic systems (stems, petioles, and roots) ; TF, leaf transpiration rate ; Tc, transpiration rate of stems + petioles; CH, weight of stems + petioles; V, soil-surface evaporation from the ground area occupied by the plant(s).
Some of the components of this equation, C/F, CHIP and TF, will be discussed in the following. a) C/F and CHIP: Table 5 shows the fresh weight of each organ in non-photosynthetic system of the plants at each sampling.
Total fresh weight of non-photosynthetic system of the moist plants increased 20 days after starting the experiment to almost double of that of the dry plants of corresponding densities.
However, C/F value of both sets was almost the same, though the high density pots indicated somewhat higher C/F values.
The values of CxIF were smaller in the D set than in the M set, because the limited water supply suppressed the growth of stems and petioles more Figs. 4 (left) and 5 (right). Total transpiration per pot (left) and transpiration of a leaf (right) in the moist and the dry sets. Arrow indicates the day of second watering in the dry set. Indications as in Fig. 1 Vol. 77 b) TF: Changes of the total transpiration from the pot were pursued, as shown in Fig. 4 , by measuring the weight loss of the pot covered its soil surface with vinyl film. In the M set, the daily transpiration per pot was increased generally in parallel with the increase of the leaf area. In the D set, the transpiration amount was slightly less on the 10th day of the experiment than on the 4th day, but it increased rapidly after the second watering.
The increased transpiration, however, was again depressed with the decrease of soil moisture that reached nearly the wilting point on the 20th day.
The transpiration rate per unit leaf area, TF, was calculated from the data in Table 1 and Fig. 4 , and its difference between the M and the D set was illustrated in Fig. 5 . The first depression of transpiration rate not only in the D set but also in the M set might be mainly caused by some effects of the enlargement of each transpiring area and of the plant density.
The transpiration rate in the M set showed rather in general stable values. In the D set, a recovery of the transpiration rate was observed after the second watering.
Afterwards, however, the successive drying of the soils induced a rapid reduction of the leaf transpiration rate.
It may be conclusive that this reduction of the transpiration rate has, as generally suggested, a major effect on the increase of transpiration efficiency of a plant exposed to drought. Although the NARs of the D4 plants were smaller than those of the corresponding M4 plants, no clear difference between the NARs of both sets was observed.
In other words, the treated plants could maintain a certain high value of NAR, suffering from heavy depression of soil moisture content.
The observed fact that the soil water shortage had only a slight effect on the NARs may accord with the report of some workers"-17~.
It is generally believed that the leaf water deficit could cause the decrease of photosynthetic rate of leavesl4, 18-". In the leaves of tobacco plants which were limited in water supply, marked wilting was observed during the experimental period. The leaf water deficit26~ increased successively in the dry-treated plants, especially of the dense pot, while no serious deficit was observed in the moist-control ones (Fig. 6) .
The NARs of the treated plants, as mentioned above, slightly differed from those of the control, and this indicated that the photosynthetic rate per unit leaf area might be to some extent irrespective of the shortage of soil moisture. Simonis22) has already reported that the photosynthetic rate and the leaf dry weight per unit area were somewhat larger in Trifolium grown on dry soils than in that grown on moist soils.
The leaf water deficit can mainly be determined, as already discussed in a previous paper26), by the active root/leaf area ratio (Cm/F ratio) and the transpiration rate of a leaf.
With special reference to these values, factors which relate the increase of the leaf water deficit were investigated. Fig. 7 shows the changes of the CW/F ratio calculated by the data of lateral roots (Table 4 ) and leaf area ( Table 1 ). The Cm/F ratio in the drytreated plants increased remarkably for the first 10 days, though that in the moist-control changed in a narrow range.
The high Cw/F ratio of the treated plants must lower the leaf water deficit, provided that the transpiration rate and the ability of water absorption of roots are unchanged.
Even in the case of the same Cw/F ratio, the root surface per unit fresh weight of roots can increase with decrease of the diameter of roots26). Diameters of about 400 fine roots were measured on the 10th day. The mean diameters were in the M1, M2 and M4 plants 0.28, 0.30 and 0.29 mm, respectively.
The relative value of the root diameter in the D1, D2 and D4 plants was respectively 1.01, 0.88 and 0.94 of that of the control plants. Such a slight decrease, in general, of root diameter of the treated plants may act favorably for the water economy of the plants through the increase of water absorbing surface of the roots.
The leaf dry matter index, i. e. dry matter in mg per leaf area in cm2, being an index for leaf thickness, is also a factor influencing the photosynthetic rate22,27). This index increased in parallel with the leaf water deficit (see Fig.  8 ), and was larger in the treated plants than in the control ones. This suggests that the leaf water deficit may suppress the leaf growth in area, and that the thickness of leaves may diminish the decrease of photosynthetic rate of leaves caused by with increasing leaf water deficit. The facts reported by Simonis22) demonstrate the above-mentioned suggestions.
Respiration rate of non-photosynthetic systems and transpiration rate of stems and petioles should take part in the changes of transpiration efficiency, as seen in the equation.
As to the effect of the changes of water content of stems and petioles on the transpiration rates and respiratory activities of these organs no observations were 
Summary
Analytical studies of a transpiration efficiency were made to clarify the ecophysio~ logical adaptability of potted tobacco plants to a limited water supply. 1. Dry weight growth was significantly affected by soil moisture shortage.
The relative growth rate (RGR) of the dry-treated plants decreased slightly in the early stage, but remarkably in the later stage. However, there was slight difference in the net assimilation rate (NAR) between the moist-control and dry-treated plants throughout the experiment.
2. Water consumption per pot was increased in the control set with increase of the plant weight and leaf area.
In the treated plants the water consumption was limited clearly with transient wilting caused by the depression of soil moisture.
3. Leaf water deficit was more distinct in the treated plants than in the control plants, but this was slightly compensated by increase of fine roots and the increase of leaf dry matter index.
4. The active root/leaf area ratio (Cm/F ratio) increased in the treated plants to about one and a half times than that of the control plants 10 days after starting the experiment.
This increase is favorable for the water economy of the plant. 5. A similar transpiration efficiency was calculated for the first 10 days in the control and the treated plants, but the latter increased their transpiration efficiency for the second 10 days with depression of soil moisture.
High plant density (4 plants per pot) gave also high transpiration efficiency.
An equation was formulated
to analyze the transpiration efficiency, and the factors effective in increasing the efficiency of the dry-treated plants were discussed. The main factors were the decreased fresh weight of stems + petioles per unit leaf area (Cx/F) and the lowered transpiration rate of the leaf under the drought condition. 7. Drought tolerance of the tobacco plants to a limited water supply was strengthened by (a) low development of stems and petioles in comparison with leaf area, (b) low transpiration rate of the leaf, (c) increase of water absorbing area caused by decreasing diameter of fine roots, and (d) remarkable increase of leaf thickness which may reduce the depression of photosynthetic rate with compensating the leaf water deficit.
